We explore the mitigation of atmospheric turbulence effects for orbital angular momentum (OAM)-based free-space optical (FSO) communications with multiple-input multipleoutput (MIMO) architecture. Such a system employs multiple spatially separated aperture elements at the transmitter/ receiver, and each transmitter aperture contains multiplexed data-carrying OAM beams. We propose to use spatial diversity combined with MIMO equalization to mitigate both weak and strong turbulence distortions. In a 2 × 2 FSO link with each transmitter aperture containing two multiplexed OAM modes of l 1 and l 3, we experimentally show that at least two OAM data channels could be recovered under both weak and strong turbulence distortions using selection diversity assisted with MIMO equalization.
Multiplexing multiple independent data-carrying beams in a spatial domain has attracted a fair amount of attention to increase transmission capacity for free-space optical (FSO) communications [1, 2] . One approach is to use the well-established multiple-input multiple-output (MIMO) technique, for which multiple aperture elements are employed at the transmitter and the receiver [3] . Each data-carrying beam is received by multiple receivers, and signal processing is critical for reducing the crosstalk among channels, thus allowing for data recovery [4] . This technique could provide capacity gains relative to the traditional single aperture systems and has shown the ability to increase link robustness for FSO communications [5] .
Another potential approach is to spatially multiplex a set of orthogonal modes, each of which carries an independent data stream [2, 6] . Such a system transmits multiple coaxially propagating spatial modes through a single aperture pair, thereby increasing the system capacity by the number of transmitted modes. A spatial modal basis set that has the potential for multiplexing is the orbital angular momentum (OAM) modes. OAM modes with different l values are mutually orthogonal, where l is an unbounded integer [7] . This allows them to be efficiently (de)multiplexed with low inter-channel crosstalk, and helps reduce the need for further signal processing to mitigate crosstalk at the receiver [6] .
Both approaches exploit the spatial degrees of freedom (DOF) for multiplexing in different ways, and could possibly be utilized simultaneously under certain design trade-offs and limitations to help distribute the spatial DOF of an FSO system [8] . However, one challenge for all FSO links is to overcome atmospheric turbulence effects [9] . This challenge becomes more severe for OAM-based FSO systems since atmospheric turbulence may distort OAM modes, resulting in fluctuations in the power received for the desired channel and inter-channel crosstalk [10] [11] [12] [13] . The mitigation of either weak or strong turbulence distortions for an OAM-based MIMO system has not been reported thus far.
Recently, signal processing techniques, such as MIMObased equalization and adaptive optics compensation have been employed to reduce the effects of weak turbulence distortions in an FSO link with only OAM multiplexing [14, 15] . However, both these methods may have certain limitations. For example, the outage of MIMO-based equalization may occur under strong turbulence distortions [16, 17] .
Importantly, for an OAM-based MIMO FSO system, the multiple-aperture structure indicates that (a) there exists inherent redundancy for OAM transmitters and receivers, and (b) OAM beams emitted from one aperture may propagate through different atmospheric paths with those from the other apertures, thereby undergoing independent or partially independent turbulence. This suggests the availability of spatial diversity for which a linear combination of the individual signals from different apertures can be performed at the receiver [4] . This spatial diversity can be exploited to combat turbulence effects, providing diversity gain and system robustness [5, 18] .
In this Letter, we experimentally demonstrate turbulence mitigation of an OAM-based 2 × 2 FSO link using spatial diversity combined with MIMO equalization [19] . Each of the two transmitter apertures contains two multiplexed OAM modes with each mode carrying a 20 Gbit/s quadrature phaseshift keying (QPSK) signal, resulting in four available OAM channels. We show that under weak turbulence the use of only 4 × 4 MIMO equalization could help recover system bit-error rates (BERs) with power penalties below 2.5 dB. Under strong turbulence distortions, we show that two OAM channels could be recovered by using selection diversity [18, 20] assisted with 2 × 2 equalization, with power penalties below 7.5 dB. Figure 1 depicts the system schematic of an OAM-based MIMO FSO link through atmospheric turbulence. The link consists of N transmitter/receiver aperture pairs arranged in a linear uniform structure. Each of the transmitter apertures T i i 1; 2; …; N transmits M multiplexed OAM beams, resulting in a total number of N M OAM data channels. Due to beam divergence, the OAM beams from different apertures overlap spatially, and these overlaps increase with the transmission distance [21] . N receiver apertures R i i 1; 2; …; N are used to capture the fields emitted from the N transmitter apertures. The transmitter/receiver aperture pairs are separated with a distance larger than the Fried parameter r 0 , such that the turbulence-induced effects on the OAM beams from different transmitter apertures can be considered independent and uncorrelated [9] . At the receiver, different signal processing strategies are employed according to the strengths of the turbulence. Under weak turbulence distortions, N M × N M MIMO equalization is used to reduce turbulence-induced effects and to recover all data channels. If the turbulence is strong and N M × N M MIMO equalization fails, a feedback signal is sent to the transmitter, such that some or all of the transmitter apertures transmit the same group of data streams. In this case, a specific spatial diversity scheme is then used to linearly combine channels containing the same data streams. A reduced-dimension MIMO equalization is followed to recover the data streams. Figure 2 shows a proof-of-concept experimental setup using a 2 × 2 aperture architecture (N 2), each aperture containing two multiplexed OAM beams (M 2). The 20 Gbit/s QPSK signal at 1550 nm is generated and split into two copies. One signal copy is then split again into two signal beams, one of which is delayed by 5 ns using a single-mode fiber (SMF) for data de-correlation. The two signal beams are converted into two OAM beams with l 1 and 3 using spatial light modulators (SLMs). These two OAM beams at 1550 nm are spatially multiplexed using a beam splitter and transmitted through an aperture T
A thin phase screen plate that is mounted on a rotation stage and placed in the middle of the optical path emulates dynamic atmospheric turbulence. This phase plate has a pseudo-random phase distribution obeying the Kolmogorov spectrum statistics and characterized by its effective r 0 [9] . In our experiment, r 0 equals 1 mm, which could represent weak-to-moderate atmospheric turbulence over a 1 km link distance [12] . When the phase screen plate is rotated, the OAM beams pass through time-varying random turbulence realizations, for which distortions may be weak or strong. We note that r 0 is smaller than the separation distance of the transmitter apertures, and OAM beams from the two apertures, thereby experience independent distortions, approximately.
The two OAM beams from T 1 or T 2 after the turbulence distortions are demultiplexed using SLMs. Each of the four OAM beams is converted into a Gaussian-like beam with l 0, which is then coupled into an SMF. The four OAM channels after heterodyne detection are simultaneously sampled by a real-time scope with a sampling rate of 40 Gsample/s on each channel and recorded for offline digital signal processing (DSP). In the case of weak turbulence distortions, a 4 × 4 MIMO equalization is used to simultaneously recover all four channels [8] .
If turbulence distortions cause the outage of the 4 × 4 MIMO equalization, the feedback signal notifies the two transmitter apertures to transmit the same group of data streams. As a result, OAM channels l 1 and l 3 in T 1 transmit the same data streams with channels l 1 and l 3 in T 2 , respectively. Several combining strategies for the diversity reception scheme exist, including maximal-ratio combining (MRC), which is optimal and requires perfect channel state information at the receiver [4] . For simplification, a suboptimal combining strategy, namely selective diversity [5, 19] , is employed. Specifically, the aperture that contains two OAM beams with maximal signal power is selected, and these two OAM channels are sent for 2 × 2 equalization. The MIMO equalization is based on a constant modulus algorithm and utilizes a linear equalizer for each channel [19] . After equalization, frequency offset estimation and carrier phase recovery are applied to recover the signals, and the BERs are evaluated for all channels.
We first characterize power transfer and inter-channel crosstalk for all four OAM channels in the absence of emulated turbulence. Because of modal orthogonality, the crosstalk between coaxial OAM channels from the same transmitter aperture is We then investigate the system performance under weak turbulence distortions. Figure 3 shows the received signal power and measured BERs for all OAM channels under 12 weak turbulence realizations (some BER values after equalization are much below 1 × 10 −5 and are not shown). These turbulence realizations are selected by rotating the phase plate. We see that the received power fluctuates by up to 9. 5 dB and BERs without 4 × 4 MIMO equalization are above 6 × 10
for all four channels. With MIMO equalization, all BERs are significantly improved and reach below the forward error correction (FEC) threshold of 3.8 × 10 −3 . Figure 4 (a) presents the BERs of all channels as a function of optical signal-to-noise ratio (OSNR) under a fixed turbulence realization (realization #1). The BER curve for the back-to-back (B2B) heterodyne case is provided as a benchmark. Due to inter-channel crosstalk induced by both turbulence and the overlaps between nonaxial OAM channels, the measured BER curves without 4 × 4 equalization exhibit a severe error floor phenomenon. We observe that the BERs dramatically decrease, and the power penalties, compared to the B2B case, fall below 2.5 dB for all channels after equalization. The received QPSK constellation and corresponding error vector magnitude (EVM) for each channel at an OSNR of 22 dB are shown in Fig. 4(b) . We observe that the constellations become better defined, and the EVMs decease after equalization.
Under strong turbulence distortions, the outage of 4 × 4 MIMO equalization occurs due to severe signal fading and crosstalk. Figure 5 (a) shows the measured received signal power for all four channels under 12 realizations of strong turbulence distortions. The received power changes between −28 and −10 dB, and the crosstalk values are above 2 dB for all realizations, which lead to a link outage if the 4 × 4 MIMO equalization is still performed. Receiver selection diversity is then employed in DSP, for which maximal signal branches and the associated transmitter aperture that could be effective for data recovery are determined. Figure 5 (b) presents the BERs for the two OAM channels from the selected apertures with and without 2 × 2 equalization. The receiver aperture that is selected for processing and data recovery is also shown for each realization. We observe that the BERs of the two selected channels can be successfully recovered for all realizations and are all below the FEC threshold after the 2 × 2 equalization. Figure 6 (a) shows the BER curves for realization #1 of strong turbulence. In this case, the two OAM channels from T 2 are selected. Due to significant crosstalk from channel l 3, the BERs of channel l 1 before equalization are above 3 × 10 −1 . Using selection diversity, the BERs of the two selected channels from T 2 improve after the 2 × 2 equalization with power penalties at the FEC threshold below 7.5 dB. This is corroborated by the improvement in the recovered QPSK constellations and corresponding EVMs, as presented in Fig. 6(b) .
In an OAM-based 2 × 2 FSO link containing two transmitter/receiver pairs, we experimentally show the potential of using spatial diversity assisted with MIMO equalization for turbulence mitigation. With a feedback signal to the transmitter, at least two OAM data channels can be recovered under both weak and strong turbulence distortions, and link outage could be avoided. Although we use selection diversity in the receiver DSP, we expect that other combining strategies may result in better system performance [18, 20] . We believe that the effectiveness of our proposed scheme would be potentially more pronounced for systems with a larger number of aperture pairs, since more aperture pairs could provide enhanced spatial diversity and more available OAM data channels. 
